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Abstract. The angular d f s t r f b u t f o n s  of oxygen atoms fncfdent on surfaces In 

low E a r t h  o r b f t  have been calculated for a number of ambfent atom 

temperatures. 

permftted angles of incidence. Angles of incfdence are lfmfted by masking 

structures and a number of types are descrfbed. Combustfble surfaces are 

heavily etched, creatfng proffles i n  mask shadows-whfch are sensitive t o  

ambfent temperatures. 

t o  our model profile w i t h  a temperature of 750f50 K, which agrees w f t h  

estfmates based on solar actfvfty a t  t h a t  tfme. 

A t o m  fluxes t o  surfaces were modeled by Integrals over a l l  

Proffles measured for  a September 1983 f l i g h t  were f i t  

Introduction 

The Maxwell-801 tzmann df st rf but1 on of speeds of atoms or  mol ecul es i s 

asymnet ri c, b u t  the speeds have random df recti ons so the df s t r i  b u t i  on is 

spa t i a l ly  symmetric as viewed from a statfonary reference frame, and a 

Gaussian o r  normal d i  s t r i  b u t i o n  results from examining components para1 1 el t o  

any one axis. 

in the thermosphere between 200 and 600 km) the incidence angles of atoms 

striking surfaces are greatly l imited.  For forward-facing surfaces the 

partfcles are incident w i t h i n  a narrow cone w i t h  the f l u x  strongly peaked 

about  normal fncidence. The orbital velocity is t h u s  a dominant factor !n 

spaceborne measurements of ambient particles. In this discussf on, f l u x  refers 

t o  the differential q u a n t i t y  i n  atoms cm'* s-l, while fluence refers t o  the 

f l u x  integrated over tfme. 

However, relatfve t o  a rapidly movfng spacecraft (a7.8 km s-l 

. Combustible mateti a1 s ,  such as carbon and polycarbonate plastics, exhibit 

heavy etching due t o  formation of vo la t f l e  oxides from low activation energy 

reactions w i t h  atomic oxygen i n  orbit (J. C. Gregory and P. N. Peters, 

unpublished proposal, 1975) [Gregory and Peters, 1984, 1985; Leger, 1982; 



. . .  . .. . 

Peters et  a1 . , 1983; 

surfaces located beh 

Vfsentine et al., 19851. Studying the effects 

nd shadowing structures d u r i n g  exposure i n  o rb  

on 

t provides 

a means of investigating the thermal speed distribution of oxygen atoms i n  the 

thermosphere, as previously noted [Peters et  a1 ., 19831. 

M e l f n g  the Angular Wstr ibut ion 

Nocilla [1963] has considered the case of a moving ensemble of gas 

molecules, 

surface was determined by combining the thermal speeds of the particles w i t h  

The angular distribution of a beam of gases scattered from a 

their ensemble velocity. Forward-facing surfaces on an orbiting spacecraft 

ent of a h i g h  velocity beam incident on exposed areas. experience the equi va 

To combine the therma 

Noci 11 a ' s  method w i t h  

speeds w i t h  the orbital velocity we have adapted 

the modi fication t h a t  gases passed through d i  fferenti a1 

areas rather t h a n  scattered from them. An important parameter i n  the Nocilla 

model is  the ratio of the t r a n s l a t i o n a l  speed of the "mass" ( o r  ensemble) t o  
t 

the most probable speed. Our analogous parameter i s  the ratio of orbital 

speed t o  the most probable speed. 

temper a t  u re. 

We varied t h i s  parameter by adjusting the 

Experimental Technique 

Since combustible sol i d  surfaces are heavily etched by exposure t o  atomic 

oxygen i n  orbit, i f  a portion of the sensitive surface i s  protected by a metal 

mask, the shape o f  the edge of the etched area is affected by the angular 

distribution of the active oxygen atoms striking the surface. 

f l i g h t  of the space shuttle a number of surfaces were exposed t o  the ambient 

oxygen i n  orbi t as part of a materi als eval u a t i  on experiment [ V i  senti ne et 

On the STS-8 
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a l . ,  19853. T h i s  f l f g h t  was par t icular ly  sufted t o  t h e  experfment dfscussed 

here since durfng the entfre mfssfon 95% of t h e  3.5 x lozo atoms cm'* fluence 

was accumulated w f t h  the Orbfter pofntfng the experfments w f t h f n  lo of the 

orbital dfrectfon. The vitreous carbon dfsc was mounted on a heated surface 

whfch was tflted s l f g h t l y  (Ao) w f t h  respect t o  the velocfty dfrectfon. The 

polfshed carbon surface was mounted behfnd a solfd alumfnum mask t h a t  had an 

effectfve height (thickness) o f  560 Bm a t  a hole exposing the carbon. Other 

combust1 ble samples, such as CR-39 (a polycarbonate p l  astfc) , were mounted 

behind masks w f t h  knffe edges essentially f n  contact w f t h  the sample surfaces 

and some samples had t h f n  f f l m  mask patterns deposfted directly on thefr 

surf aces. 

Surface profiles of the etched areas where mask edges existed were 

measured after the f l i g h t  vrf t h  a stylus p r o f l i  ometer (Tencor instrument ' 5  

Alpha-Step Z O O ) .  Theoretfcal etch profi  les fo r  several simple physf cal 

conffgurations of mask and surface were deduced from integrals of angular 

distri but 'ons  calculated f o r  oxygen atoms striking an etchable surface 

partfally covered by a mask (Ffgure 1). 

proffles t o  measured etch profiles were used t o  estfmate the average ambient 

temperature during exposure. 

Comparfsons of such theoretfcal 

Results 

Computer-generated solutions t o  Noci 1 la 's  equatfons [Nocf 11 a,  19631 are 

presented for three speed ratios (Figure 2):  zero (the imaginary case of a 

s t a t iona ry  satellfte, o r  an ensemble of gases moving w i t h  the satel l f te) ;  

u n i t y  (imaginary case where the most probable thermal speed equals the orbital 

speed); and 8:1 (a typ ica l  case where the o r b f t a l  speed !s eight times t h e  

most probable thermal speed). The polar p lo t  emphasfzes the "beam" concept, 
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w h i l e  r e c t a n g u l a r  p l o t s  and their i n t e g r a l s  are more easi ly  app l i ed  t o  effects 

resulting from atomic oxygen exposure. Since t h e  tempera ture  of the 

thermosphere is s t rong ly  dependent on s o l a r  a c t i v i t y ,  ca ses  f o r  h i g h  and low 

s o l a r  a c t i v i t y  cond i t ions  a r e  shown (Figure 3). 

u n l i k e  Noc i l l a ,  we have normalized the  maxima of a l l  d i s t r i b u t i o n s  t o  u n i t y ,  

so only percentages of maximum a s  a funct ion of angle  a r e  d isp layed .  T h i s  

I t  should be noted t h a t ,  

e f o r  the 8:l r a t i o  (F igu re  2 ) ,  normal- 

a r e a s  f o r  equal fluences), would have a 

s i m p l i f i e s  p re sen ta t ion ,  since the lo  

ized  accord ing  t o  t o t a l  fluence (equa 

much l a r g e r  maximum t h a n  the o the r s .  

g r e a t e s t  f o r  s o l  a r  maximum condf t i  ons 

Also, t h e  maximum etch d e p t h s  would be 

t ha t  produce the l a r g e s t  densities o f  

ambient oxygen atoms. The cos ine  d i s t r i b u t i o n  (Figure 2)  agrees  w i t h  the 

l i m i t i n g  case f o r  effusion of gases through an o r i f i c e  where both the gas 

ensemble and t h e  o r i f i c e  a r e  s t a t iona ry .  The progress ive  e longa t ion  of t h e  

angular  d i s t r i b u t i o n  w i t h  speed r a t i o  is a l s o  c o n s i s t e n t  w i t h  observa t ions .  

Such angu la r  d i  s tr i  b u t i  ons can be used t o  v i  sua1 i z e  the "spread" t h a t  

p a r t i c l e s  e x h i b i t  a f t e r  passing through a small a rea  o r  t o  describe the angles  

of incidence on d i f f e r e n t i a l  a r eas  on forward-facing su r faces .  

I t  is apparent  from a rec tangular  p l o t  of a typical angular  d i s t r i b u t i o n  

(Figure 3) t h a t  few atoms strike forward-facing su r faces  w i t h  ang le s  of inci- 

dence exceeding 15' off-normal. 

w i t h  no s c a t t e r i n g ,  the f l u x  of p a r t i c l e s  beyond 40' behind  the edge of the 

s h i e l d  i s  c a l c u l a t e d  from our d i s t r i b u t i o n s  t o  be less than lo7 

w h i c h  corresponds t o  less than the f l u x  t o  su r faces  due  t o  a pressure of 

In fact ,  i n  the wake of a s h i e l d i n g  surface 

s - l ,  

t o r r  (average  mass 28 amu). 

A number of t h e o r e t i c a l  etch p r o f i l e s  have been examined (Figure 1). For 

a s u r f a c e  loca ted  behind a s l i t  a t  a d i s t ance  large compared t o  the s l i t  

w i d t h ,  the etch p r o f i l e  perpendicular  t o  the s l i t  should have the shape of an 
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I nverted angular df st ri b u t i  on (Fi gum la). The si tuati on for  an elevated 

half-plane mask is somewhat different (Figure l b )  i n  t h a t  etched areas 

approaching the edge of the half-plane from the right receive progressively 

less fluence (more area under the distribution curve is blocked). 

under the edge a l l  atoms incident from the left  of the edge have been blocked, 

reducing the maximum f l  uence by one-ha1 f. This reduction in f l  uence continues 

under the overhang u n t i l  the effective limit  for incidence angles is 

reached. 

of atoms for a l l  angles of incidence permitted a t  that p o i n t ,  i t  i s  observed 

t h a t  unshadowed areas receive fluences proportional t o  the t o t a l  area under 

the angular  distribution curve (Figure 3),  while a p a r t i a l l y  shadowed surface 

receives a fluence a t  each p o i n t  on the etchable surface t h a t  i s  proportional 

t o  the area under the angular distribution curve t h a t  is not blocked by the 

mask, 

p J o t t i n g  the integral of the angular distribution function. The etch profile 

near a solid step mask (Figure IC) resembles t h a t  for the half-plane mask for 

the por t ion  i n  front o f  the step, bu t  a t  the step the front face blocks 

addi t iona l  fluence resulting i n  a nearly vertical decrease i n  t h e  etch depth 

a t  the step (approximately 0.1" maxfmum undercutting relative t o  a 560 pm mask 

height occurs f o r  a 9 pm etch depth). The etch profile (Figure Id)  t h a t  

occurs near a solid knife-edge mask w i t h  edges sloped greater t h a n  15" from a 

normal incidence direction, or near a t h i n  f i l m  mask deposited on the etchable 

surface, is  nearly a vertical step. 

Vertically 

Sfnce the fluence a t  any p o i n t  on the etched surface is  a sumnation 

Thus, the etch profile for the half-plane mask is equivalent t o  

Scanni ng el ect ron micrographs, which equal l y  magni f y  b o t h  the hori zontal  

and vertical dimensions, show close range sloped edges even for  the etched 

steps near t h i n  f i lm masks (Figure 4). The close range slopes result from 

microscopic shadowing by slightly elevated knife edges or  by self-shadowing by 
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t h e  etch steps. With self-shadowing, the height o f  the step prov id ing the 

shadowing i s  continuously increasing wi th  etch depth. The slopes o f  any 

etched edges should extend less than 1 5 O  r e l a t i v e  t o  the top edge o f  the 

shadowing s t ruc tu re  for  normally incident atoms; thus, the extent o f  the 

shadow increases with mask height, A p a r t i c l e ,  o r  other contaminant, on the 

surface would i n i t i a l l y  mask an area i t s  size, but as etching progresses the 

shadowed area expands, wi th  most of the fluence shadowing occurr ing w i t h i n  7' 

o f  the o r b i t a l  ve loc i t y  d i rec t i on  and l i m i t e d  e s s e n t i a l l y  t o  less than 15'. 

Thi s general prof? l e  and 1 i m i  t appears consi s ten t  w i th  scanning e lect ron 

micrographs of etched surfaces (Figure 4). One d i f f u s e  etch step (or iented 

v e r t i c a l l y  i n  Figure 4) occurred near a s l i g h t l y  elevated k n i f e  edge o f  an 

aluminum cover, whi le  another sharp etch step (or iented ho r i zon ta l l y  i n  the 

same f i g u r e )  occurred a t  the edge of a niobium t h i n  f i l m  pat tern deposited on 

the surface p r i o r  t o  etching, 

Figure 1 except the heights o f  the shadowing s t ructures were small and 

increased by re1 at: vely 1 arge amounts wi th  etch depth, 

(spiked region i n  Figure 4) are observed on most etched structures (even 

amorphous p l a s t i c s )  and are undoubtedly inf luenced by t h i s  self-shadowing 

effect. 

nucleat ion s i tes,  o r  f ine p a r t i c l e s  on the surface provided masking and t h a t  

sel  f -shadowi ng created the sloped sides. 

atoms may have a lower e f f i c i ency  a t  glancfng incidence t o  the surface so 

f u r t h e r  studies are needed t o  f u l l y  test  these hypotheses. S im i la r  structures 

Both steps are s i m i l a r  t o  the p r o f i l e s  i n  

F! ne microstructures 

It i s  hypothesi zed tha t  condensed contami nants, segregated a t  

Accommodation o f  the fas t  oxygen 

have been observed on ground-based ion-bombarded surfaces [Auciel l o  and Kel ly ,  

1984). Precleaning has el iminated such structures i n  semiconductor device 

fab r i ca t i ons  [Wang and Wong, 19831. Thermal and ensemble ve loc i t i es ,  from 

e l e c t r i c a l  accelerat ions i n  ground-based sput ter ing plasmas, should create 

shadowing effects s i m i l a r  t o  those i n  o r b i t .  
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Actual s t y lus  t racfngs o f  some samples f lown on STS-8 are shown f n  Ffgure 

5, One t rac fng  (Ffgure 5a), whfch was taken from a v i t reous carbon surface 

t h a t  was a t  the base of a 560-w-thick s o l i d  step, 1s t y p i c a l  for  near 

alfgnment o f  the step with the  o r b i t a l  d l r e c t i o n  (w f th fn  l/ZO). Corrections 

f o r  a chfpped edge, an e r r o r  due t o  the s ty lus shank contactfng the etch step, 

and contamfnant created peaks are shown by a dashed l i n e  (Figure 5a). Other 

examples where the mask step faces were not al igned wfth the o r b i t a l  d i r e c t f o n  

are shown (Ffgures 2c and Zd), and the excel lent  steps obtained wfth nfobfum 

t h i n  f f l m  masks (Ffgure 5b) demonstrate the advantages o f  t h i s  type of mask 

f o r  determfnfng etch rates and reaction ef f ic iencies,  especia l ly  f o r  rap id l y  

etched mater ia ls  such as the polycarbonate (CR-39) shown i n  Ffgure 5b. 

The measured etch p r o f i l e  was d i g i t i z e d  and compared t o  computed etch 

prof1 1 es f o r  df f f e r e n t  ambient gas temperatures. 

normal iz ing the maximum fluence t o  the maximum etch depth observed and 

requ i r i ng  h a l f  etch depths t o  a l i g n  l a t e r a l l y  a t  zero angle of incidence 

(Figure 6). 

oxygen atoms was 750i-50 K f o r  the best fit. 

These were obtaf ned by 

This procedure indicated t h a t  the average temperature o f  the 

Di scussi on 

The range i n  angular d i s t r i b u t f o n  of gas p a r t i c l e s  inc ident  upon a 

sate1 l i t e  s t rongly  inf luences observed degradation effects and the resu l t s  of 

numerous measurements. Surfaces facing the forward o r  "ram" df rec t i on  are 

subject  t o  heavy erosion i n  low Earth o r b i t s  i f  they are combustible and 

unprotected, whi le surfaces fac ing away form the o r b i t a l  d i r e c t i o n  ("wake" 

d i r e c t i o n )  can experience an u l t rah igh vacuum if self-contamination f rom 

outgassing and p a r t i c l e  scat ter ing i s  contro l  led. Such erosion can ser ious ly  

degrade mechanical and op t i ca l  surface propert ies [Peters e t  al., 19861 or  be 
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used beneff c ia1  l y  for  clean1 ng surfaces contaminated with hydrocarbons o r  

other combustfble materfals. The erosfon may also be used as a quan t f ta t f ve  

sensor o f  atomic oxygen [Gregory and Peters, 19851. The usual treatments o f  

equf 1 f b r i  urn thermodynamic varf ables, such as pressure and temperature, have t o  

be modff ied f o r  observatfons f n  orb i t .  Except for  outgassed o r  accomnodated 

specf es t r a v e l  f ng w l  t h  the sate1 1 f te, the orbf t a l  vel oc i  t y  domf nates re1 a t f  ve 

col  1 1 s i  on speeds between neutral  , thermospherf c species, and the orb1 t f  ng 

s u r f  aces, 

Atoms ref lected from the front faces of mask steps could be a source o f  

addi t ional  etching, but small cross sections and broad sca t te r fng  (due t o  

accomnodation) appear t o  reduce t h i s  e f f e c t  below the accuracy o f  the p r o f f l e  

measurements discussed here; however, h i  gher sensi ti v i  t y  r e f 1  ect f  on 

measurements o f  a d i f f e r e n t  nature w i l l  soon be reported, 

A l ign ing a l l  etch p r o f f l e s  so they cross a t  the 50% etch depth was 

j y s t i f i e d  on the basis tha t  f o r  symmetrical angular d i s t r i b u t i o n s ,  h a l f  o f  the 

t o t a l  fluence is received f o r  angles of incidence on each side o f  normal 

incidence; thus, the p r o f i l e s  a l l  pass through 50% etch depth a t  zero degrees. 

Nonsymnetrical d i s t r i b u t i o n s  (nonequilfbrium thermal ly)  and large off-normal 

a1 f gnments o f  surfaces wi th  the o r b i t a l  vel oci  t y  d i  rec t f  on could requi r e  

corrections, I f  the ve r t f ca l  port ion of an etch p r o f i l e  associated w i th  a 

s o l i d  step does not occur a t  the 50% etch depth then the top edge o f  the step 

t i l t s  r e l a t f v e  t o  i t s  base (exaggerated i n  Figures 5c and 5d). 

For small t i l t s  the angle can be approximated by arc tangent o f  hor izonta l  

separation between v e r t i c a l  slope and 50% etch div ided by the mask height;  

e.g., arc tangent (12.8/560) = 1.3O is  an estimate for Figure 5c, An estimate 

o f  4 . 5 O  f o r  f i g u r e  5d seems s l i g h t l y  high and may ind i ca te  tha t  a co r rec t i on  

i s  needed. The masking step f o r  Figure 6 was al igned t o  b e t t e r  than 0.5O. 
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The theoretical and measured etch profiles matched extremely well 

considering t h a t  the etched surface received a total fluence that was 

integrated over 41.2 hours w i t h  contributions from varfous latftudes and 

dur ing  day and n f g h t  condftfons. 

temperatures varied from approximately 690 K t o  1000 K based on extreme 

condf ti ons and appl f catf on of mass spectroscopy f ncoherent scatter (MSIS) and 

MSFC/ 570 thermospherf c model s (M. T o r r  and 0. Johnson, personal communi cati on, 

1986). 

Johnson, unpubl i shed data, 1986) . 

During the STS-8 mfssfon, ambfent 

An estimated average of 826k165 K resulted from the latter model (0. 

Theoretical angular d i  s t r i  b u t i o n  proff 1 es for oxygen atoms i nci dent t o  

surfaces o r  exiting behind masks have been calculated i n  an orbiting reference 

frame. These profiles are dependent upon the ratio of the orbital speed t o  

the most probable thermal speed o f  the ambient oxygen atoms. The proff les of 

etched combustible surfaces have been measured and re1 ated t o  such 

distribution proflles and a temperature of 750+50 K, consistent w i t h  the mean 

ambient temperature 'at this a l t i t u d e  and fo r  the solar activity during 

exposure, was obtained. Calculated proff les for a number of mask/substrate 

configurations were given . 
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Ffgure  Capttons 

Ffgure 1, Theoretfcal etch profiles (lower cross. sectfons) f o r  several 

maskfng configurations (shown schematlcally on top ) ,  The lower cross sections 

are greatly magniffed vertfcally as  occurs i n  stylus profflometry 

measurements , 

Figure 2. Calculated angular d l s t r i b u t f o n s  for atoms (orbltal velocity along 

the 0-180 axis) for  three o r b i t a l  t o  most probable thermal speed ratios. 

Figure 3. Rectangular p l o t  of the angular distributions ( a )  during h i g h  solar 

activity (T = 1300 K )  and solar minimum (T  = 600 K )  conditions. The integral 

of these distributfons ( b )  relates t o  the etch profiles. 

Figure 4. Scanning electron micrograph of an etched CR-39 plast ic  surface 

showing edge profiles where a knife-edged cover was located and where a Nb 

t h i n  f i l m  is s t i l l  located (photographed by A. Dorries). 

Figure 5. Stylus profilometry tracings taken from samples flown on STS-8. 

Proffles ( a ) ,  (c) ,  and ( d )  are from etched vitreous carbon near solid step 

masks, and ( b )  i s  from a polycarbonate plastic surface on which a niobium t h i n  

f i l m  pattern was deposited. 
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Ffgure 6. Comparfson of a measured etch p r o f i l e  ( p a r t i a l l y  corrected for: 

chf pped edge, contamf nants, and sty1 us shank contactf ng step edge) wf t h  the  

theoret fca l  prof f les  f o r  600 K and 1300 K ambfent temperatures. 

measured p r o f f l e  occurs for 750f50 K. 

Best f f t  t o  
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